The class I myosin Myo1c is a mediator of adaptation of mechanoelectrical transduction in the stereocilia of the inner ear. Adaptation, which is strongly affected by Ca 2؉ , permits hair cells under prolonged stimuli to remain sensitive to new stimuli. Using a Myo1c fragment (motor domain and one IQ domain with associated calmodulin), with biochemical and kinetic properties similar to those of the native molecule, we have performed a thorough analysis of the biochemical cross-bridge cycle. We show that, although the steady-state ATPase activity shows little calcium sensitivity, individual molecular events of the cross-bridge cycle are calcium-sensitive. Of significance is a 7-fold inhibition of the ATP hydrolysis step and a 10-fold acceleration of ADP release in calcium. These changes result in an acceleration of detachment of the cross-bridge and a lengthening of the lifetime of the detached M-ATP state. These data support a model in which slipping adaptation, which reduces tip-link tension and allows the transduction channels to close after an excitatory stimulus, is mediated by Myo1c and modulated by the calcium transient. molecular motor ͉ myosin M yosins are actin-based molecular motors that support a variety of cellular functions including muscle contraction and cell migration. There are at least two dozen classes in the myosin superfamily based on analysis of sequences in the catalytic domain (1). Myo1c is a class I myosin that is widely expressed in vertebrate tissues (2, 3). It consists of a motor domain, a neck or lever arm domain (three or four IQ repeats each of which binds a calmodulin), and a cargo-binding domain (4-6). In adipocytes Myo1c facilitates glucose transporter recycling in response to insulin (7, 8) , and in amphibian oocytes Myo1c mediates exocytosis (9). In the specialized cells of the inner ear, there is considerable evidence that Myo1c acts as a mediator of adaptation of mechanoelectrical transduction in stereocilia (10, 11).
molecular motor ͉ myosin M yosins are actin-based molecular motors that support a variety of cellular functions including muscle contraction and cell migration. There are at least two dozen classes in the myosin superfamily based on analysis of sequences in the catalytic domain (1) . Myo1c is a class I myosin that is widely expressed in vertebrate tissues (2, 3) . It consists of a motor domain, a neck or lever arm domain (three or four IQ repeats each of which binds a calmodulin), and a cargo-binding domain (4) (5) (6) . In adipocytes Myo1c facilitates glucose transporter recycling in response to insulin (7, 8) , and in amphibian oocytes Myo1c mediates exocytosis (9) . In the specialized cells of the inner ear, there is considerable evidence that Myo1c acts as a mediator of adaptation of mechanoelectrical transduction in stereocilia (10, 11) .
Neighboring stereocilia on the hair cells of the inner ear are connected by extracellular tip links that are attached to transduction channels, which in turn are attached to an adaptation-motor complex consisting of Myo1c molecules. The prevailing model for mechanotransduction is that deflection of the stereocilia by sound or motion affects tip-link tension and causes opening or closing of transduction channels through which potassium and calcium ions pass (5, 12, 13) . Myo1c sets the transducer sensitivity by moving along the core bundle of actin filaments in the stereocilia until the resting tension in the tip link is at a point where the channels are poised just below the threshold tension required to open the channels (Fig. 1) . During an excitatory stimulus, movement of the stereocilia increases tip-link tension, opening the channels. Fig. 1 illustrates how in adaptation the motor/transducer complex responds to increased tension by slipping down the actin cytoskeleton thereby reducing tip-link tension. Alternatively, reduced tension causes Myo1c to ascend the actin cytoskeleton, restoring the resting tension and resting sensitivity of the channels. Adaptation permits hair cells under prolonged stimuli to remain sensitive to new stimuli.
The model depends on modulation of Myo1c activity by strain, and, because channel opening results in local elevation of the calcium concentration, the sensitivity of the motor to calcium may also be relevant. We previously provided structural, kinetic, and single-molecule mechanical evidence that full-length native Myo1c possesses a strain-sensing ADP-release mechanism, which allows it to adapt to mechanical load (14, 15) . Here we use a truncated Myo1c consisting of the motor domain and a single IQ domain (Myo1c 1IQ ); it expresses at a high level allowing extensive biochemical kinetic measurements to be made. We show that the actin-and nucleotide-binding properties and calcium sensitivity of Myo1c 1IQ are similar to native full-length Myo1c. Using Myo1c 1IQ we have established the calcium sensitivity of the major events in the cross-bridge cycle. We show that calcium accelerates ADP release and inhibits the rate of the ATP hydrolysis step. This results in a calcium-induced acceleration of cross-bridge detachment and an increased lifetime of the detached cross-bridge (M-ATP), demonstrating how this myosin is suited for its role in adaptation. Myo1c is the first member of the myosin superfamily shown to have a calcium-sensitive ATP hydrolysis step. The small effect of calcium on the native Myo1c ATPase activity is in contrast with the calcium-induced inhibition of motility in the in vitro sliding-filament assays, which is attributed to a calcium-induced conformational change in calmodulin bound to the neck, if not calmodulin dissociation itself (16, 17) .
Results and Discussion
Nucleotide Binding to Myo1c 1IQ . Changes in intrinsic fluorescence of native Myo1c upon binding of ATP are too small to be of use. The absence of the tail domain and three of the four IQ repeats in Myo1c 1IQ reduces the number of tryptophan residues from 14 to eight, causing a reduction in background fluorescence and allowing ATP binding to Myo1c 1IQ to be measured. Fig. 2A shows the tryptophan transients obtained when 50 nM Myo1c 1IQ was mixed with 1 mM ATP with or without Ca 2ϩ . The transients were well described by a single exponential, but there was evidence of an additional small slow component (k obs Ϸ 2 s Ϫ1 , Ͻ0.5% amplitude) in the absence of calcium. The amplitudes of the transients with or without Ca 2ϩ were similar and independent of the ATP concentration used. The observed rate constants, k obs , for the binding of 1 mM ATP were slower in the presence of calcium (6 s Ϫ1 ) than in its absence (39 s Ϫ1 ). Fig. 2B shows how k obs depends on ATP concentration. The fitted hyperbola defined the maximum observed rate constant, k max , of 44 s Ϫ1 in the absence and 6 s Ϫ1 in the presence of calcium with K 0.5 , the ATP concentration required to reach 50% of k max of 184 M and 50 M for without Ca 2ϩ and with Ca 2ϩ , respectively. The ATP dependence of k obs is typical of myosins, but the inhibition by calcium has not been observed for any other myosin.
For most myosins the fluorescence transient is associated with the ATP binding event and the hydrolysis step-or more specifically the closing of the switch 2 region before hydrolysis-and is reported by the conserved tryptophan on the end of the relay loop/helix (W510 in fast skeletal muscle myosin II; W433 in Myo1c) (18, 19) . The fact that we see only a single exponential process with no loss of amplitude even at high ATP concentrations (2 mM) indicates a single event. We also observed no significant fluorescence change on ADP binding. The signal therefore most likely originates from the switch 2 closing/hydrolysis step, and k max defines the limiting rate constant of this process (k ϩ3 ϩ k Ϫ3 ). The observation that k max is inhibited 7-fold by calcium is significant because the rate constant of the switch 2/hydrolysis reaction controls the lifetime of the detached state of the cross-bridge cycle. A change in this rate constant with calcium can significantly alter the duty ratio of this myosin, which, as will be discussed below, has implications for its role in adaptation.
Because ADP binds with little fluorescence change, ADP displacement from Myo1c
1IQ by excess ATP could be measured, and in the absence of calcium the ADP was released at 6 s Ϫ1 (k ϪD ). Displacement of ADP from Myo1c 1IQ at ADP concentrations between 0 and 20 M allowed the fraction of Myo1c 1IQ with an empty nucleotide pocket to be distinguished from that with ADP bound (Fig. 2C ) and defined the ADP affinity (K D ) as 3.3 M.
When the experiment was repeated in the presence of calcium, ADP was displaced at 4.3 s Ϫ1 , which is not distinguishable from the rate constant at which ATP binds [6 s Ϫ1 ; see supporting information (SI) Fig. S1 ]. A precise measurement of the ADP release rate constant and the ADP affinity could not be determined. However, modeling suggests that the experimental data are compatible, with ADP release and affinity similar to that in the absence of calcium (see Table 1 and SI Text).
ATP-Induced Dissociation of Actin-Myo1c 1IQ . The dissociation of actin-Myo1c
1IQ by ATP occurs in two phases with or without Ca 2ϩ , as previously described for the ATP-induced dissociation reaction of the native Myo1c-actin complex (14) . The reaction was followed by monitoring the increase in fluorescence of pyrene-labeled actin, when ATP was mixed with the actin-Myo1c
1IQ complex, as shown in Fig. 3A (without Ca 2ϩ ). The ratio of the fast/slow amplitude of the reaction defines the equilibrium constant K ␣ (ϭ k ϩ␣ /k Ϫ␣ ) giving it a value of 0.11 for the transition from the A-MЈ to A-M state (as defined in Scheme 1).
The k obs values for the ATP-induced dissociation of actinMyo1c 1IQ showed hyperbolic dependence on ATP concentration, both with and without Ca 2ϩ , as shown in Fig. 3B for the slow phase and in Fig. 3C for the fast phase. The hyperbolic fit to the slow-phase k obs (Fig. 3B ) determines the maximum dissociation rate constant k max (ϭ k ϩ␣ ) without Ca 2ϩ of 2 s Ϫ1 and the concentration of ATP required for half saturation, K 0.5 ϭ 0.37 mM. The k max value with Ca 2ϩ increased by Ϸ30% to 2.7 s Ϫ1 , whereas K 0.5 weakened Ϸ3-fold (1.25 mM). The value of K ␣ remains unchanged by calcium at 0.11, and having determined k ϩ␣ experimentally allows calculation of the values for k Ϫ␣ (Ϸ20 s Ϫ1 and Ϸ25 s Ϫ1 for without and with Ca 2ϩ , respectively). The fast phase in the presence of Ca 2ϩ was well resolved and showed a hyperbolic dependence on ATP concentration ( Fig. 3C ) with a k max of 20 s Ϫ1 and K 0.5 ϭ 1.66 mM. This fast phase represents the dissociation of actin from the actin-Myo1c
) and therefore k max ϭ k ϩ2 and K 0.5 ϭ 1/K 1 in Scheme 1. The k obs of the fast phase without Ca 2ϩ was well resolved only at low ATP concentrations where it showed a linear dependence on ATP concentration with
We assume that this represents the linear part of the hyperbolic dependence as seen for the case in the presence of Ca 2ϩ , only much faster than with Ca 2ϩ (20 s Ϫ1 /1.66 mM ϭ 0.012 M Ϫ1 ⅐s Ϫ1 ). These results are in good agreement with results obtained with full-length Myo1c (14) . Biphasic ATP-induced dissociation of actin from myosin has been also observed for Myo1b (20, 21) and non-muscle myosin II (22, 23) and more recently for slow skeletal muscle myosin II (24, 25) . A distinction among the data for these other myosins and that of Myo1c is the dependence of the fast and slow phases on ATP concentration. In all other cases the slow phase is a minor component and shows no dependence on ATP concentration. This is the simple case of a slow equilibrium preceding a rapid ligand-binding event. However, in the case of Myo1c the slow phase has the larger amplitude and shows a clear hyperbolic dependence on ATP concentration, which can be mistaken for a different type of mechanism. In fact, Scheme 1 can explain the Myo1c data, provided the rate constant(s) of the isomerization preceding the ligand binding are now fast compared with ligand
The test for such a model is that the value of K 0.5 for the slow phase is defined as the ATP concentration when K 1 k ϩ2 [ATP] of the fast phase has the same numerical value as k Ϫ␣ . That is when the probability of any A-M complex binding ATP and dissociating from actin is the same as the probability of A-M isomerizing to A-MЈ. For the data given in Table 1 , K 0.5 of the slow phase is 370 M and K 1 k ϩ2 of the fast phase is 0.057
and k Ϫ␣ is estimated from K ␣ and k ϩ␣ as Ϸ20 s Ϫ1 . The data are therefore compatible with the model. The result observed here for Myo1c is a consequence of a much smaller value of K ␣ than for the other myosins considered. For K ␣ to be small requires a higher relative value of k Ϫ␣ . Interestingly, calcium had little effect on either K ␣ or k ϩ␣ , although it reduced the k max of the fast phase by 2-fold and increased the K 0.5 value of the slow phase by 3-fold. However, the relationship among K 1 k ϩ2 [ATP] of the fast phase, K 0.5 of the slow phase, and k Ϫ␣ remains valid, supporting the model proposed.
Effect of ADP on the ATP-Induced Dissociation. Addition of 25 M ADP to actin-Myo1c
1IQ was sufficient to abolish the fast phase of the ATP-induced dissociation reaction with or without Ca 2ϩ , suggesting that the affinity of the A-M complex for ADP is relatively tight. The ATP-induced dissociation of actin-Myo1c 1IQ (Fig. 2) was repeated in the presence of 25 M ADP. The k obs of the single exponential process (the slow phase in the absence of ADP) was hyperbolically dependent on ATP concentration, saturating at the same k max as in the absence of ADP, and the K 0.5 value was increased from 0.37 to 1.73 mM in the presence of ADP. This result is consistent with ADP being in rapid equilibrium with actin-Myo1c 1IQ on the time scale of the dissociation reaction (k max ϭ 2 s Ϫ1 ) and an ADP affinity much tighter than 25 M. This also means that the ATP-induced dissociation reaction cannot be used to measure the rate constant of ADP release from the complex (k ϪAD Ͼ Ͼ k ϩ2 ).
To obtain an estimate of the affinity of ADP for actin-Myo1c 1IQ the ATP dissociation reaction was monitored at 250 M ATP with increasing concentrations of ADP. The experiment was done in two ways with the ADP preincubated with the protein or preincubated with the ATP (Fig. 4) . If the ADP is in rapid equilibrium with actin-Myo1c on the time scale of the measurement the two assays will give an identical result. This was true for the slow phase (which monitors the A-MЈ species of Scheme 1) both with and without Ca 2ϩ (Fig. 4A) . The k obs of the slow phase was inhibited by ADP, and the inhibition could be described by a hyperbola with apparent ADP affinities (K 0. 
ND, not determined. *From Batters et al. (14) . † From Geeves et al. (26) . ‡ Defined differently for Myo1c and Myo1b. § kϪAD assumed to be independent of calcium.
1.6 M, which is compatible with the fast phase data, where the k obs decreased hyperbolically toward zero when ADP was present with a K AD of 1.2 M. In the presence of Ca 2ϩ K ␣ appears unchanged and the K AD value is calculated as 174/10.1 ϭ 17.2 M, which is 10-fold weaker than without Ca 2ϩ .
When the ADP was preincubated with the protein the amplitude of the fast phase (which depends on the A-M present) reduced to zero at very low ADP concentration and was therefore difficult to analyze. When ADP was preincubated with ATP the data revealed quite distinct behaviors of the fast phase with and without Ca 2ϩ . In the presence of Ca 2ϩ the k obs of the fast phase decreased with hyperbolic dependence on ADP concentration as shown in Fig. 4B . This behavior is expected if ADP competes with ATP for binding to A-M and ADP is in rapid equilibrium with A-M. The amplitude of the fast phase decreased from Ϸ4% in the absence of ADP toward zero at ADP concentrations Ͼ50 M. This means the k obs for the fast phase can be measured only over a restricted range. Analysis of Fig. 4B gives K 0.5 for the fast phase k obs as 15 M, which is compatible with the K AD value from the slow phase (17.2 M) given the restricted range of measurements.
The k obs of the fast phase without Ca 2ϩ increased linearly with increasing ADP concentration (0-100 M; Fig. 4B Inset) . This is the expected result if ADP and ATP are competing for binding to A-M and ADP once bound is only released slowly. The very different behavior of the fast phase with and without Ca 2ϩ is striking, but it is simply the product of the 10-fold-weaker affinity of ADP for A-M with Ca 2ϩ (which results in a 10-fold-faster rate constant for ADP release). In the presence of Ca 2ϩ the ADP is in rapid reversible equilibrium with A-M on the time scale of the measurement (k ϩAD ϭ 20.6 s Ϫ1 whereas k obs for A-M dissociation is 2.5 s Ϫ1 ; intercept of Fig. 4B ), whereas without Ca 2ϩ ADP release is slow on the time scale of the measurement (k ϩAD ϭ 1.9 s Ϫ1 compared with 9 s Ϫ1 ; intercept of Fig. 4B Inset) .
Comparison of Myo1c 1IQ with Full-Length Myo1c and Related Myosins.
The study of full-length Myo1c allowed only a limited set of measurements because of limited protein quantities and high background fluorescence levels. Myo1c 1IQ , however, expresses at high levels facilitating experimentation, and the low fluorescence background signals allowed a more extensive characterization. Where direct comparisons were possible the parameters measured for the 1IQ construct were similar to the full-length protein (Table  1) . Myo1c
1Q , therefore, like many other truncated myosins (26-28), appears to retain the actin-and nucleotide-binding properties of the full-length myosin.
Calcium sensitivity of ADP affinity and biphasic ATP-induced dissociation of acto-myosin reported here have also been observed for the closely related Myo1b (26) . Myo1b exhibits a larger K ␣ , which increased 2-fold from 0.9 to 1.85 (k ϩ␣ increased from 3.4 to 8 s Ϫ1 ) when calcium was present. The K AD values for Myo1b were not well defined but were consistent with a 3-fold weakening of ADP affinity in Ca 2ϩ . The observed calcium sensitivity was interpreted as a result of calcium binding to calmodulin associated with the first IQ domain of Myo1b, because Myo1b 1IQ exhibits the same calcium sensitivity as native full-length Myo1b (26) . The effects of calcium on the full-length Myo1c were not well defined (14) because measurements with Ca 2ϩ were difficult to make. The fact that we observed marked effects of calcium on several parameters of Myo1c 1IQ suggests that the first calmodulin/IQ domain has a marked effect on the behavior of the motor domain. The calcium dependence of the hydrolysis step had a midpoint of pCa 5.5 and a Hill coefficient Ͼ2, consistent with calcium binding to calmodulin. We carried out control experiments using the Myo1c motor domain with either three IQ (Myo1c 3IQ ) or four IQ (Myo1c 4IQ ) motifs to check the effect of additional calmodulin binding sites. The tryptophan fluorescence levels upon ATP binding were too small 
Scheme 1
(Ϸ1%) to allow the ATP hydrolysis step to be measured; however, K AD measurements with Myo1c 3IQ and Myo1c 4IQ indicate that the K AD was weakened at least 5-fold for both constructs when calcium was present. This is similar to the K AD values found for Myo1c 1IQ and indicates that the calcium dependency lies predominantly in the first IQ/calmodulin.
Myosin 1b has been shown to have an unusually marked temperature dependence (29) . We made preliminary studies of the temperature dependence of some of the key steps in Myo1c 1IQ and found that Myo1c shares some of the temperature dependence of Myo1b but is also quite distinct (see SI Text and Fig. S2 ). The results here are reported at 20°C, where the adaptation response of the inner ear is best defined.
Implication of the Results for Adaptation. Electron microscopy, single-molecule mechanical methods, and transient and steadystate biochemical analyses of Myo1c show that it satisfies the criteria expected for a load-dependent ADP-release mechanism (14) (for a discussion of strain sensitivity and myosins, see ref. 30 ). The data presented here reinforce this view and in addition provide new insights from the calcium dependence of the molecular events in the cross-bridge cycle. In the current model for how Myo1c might mediate adaptation in the hair cell the tension in the tip link is held predominantly by A-M-ADP complexes. The load on the motor traps the ADP in the nucleotide pocket enabling the tip-link tension to be maintained with low ATP turnover (Fig. 1) . A reduction in tip-link tension reduces the strain on Myo1c, allowing ADP to escape from the motor molecules in the A-M-ADP state. The cross-bridge cycle then continues as the ensemble of motors climbs up the actin filaments to reestablish the resting state. During such a fall in tip-link tension no increase in local calcium concentration is expected. This response of Myo1c to a fall in tension supports the process of adaptation by which the sensitivity of the hair cells is quickly restored after perturbation (Ͼ10 ms).
In contrast, a positive displacement of stereocilia causes an increase in tip-link tension, resulting in an opening of the calcium channels. The motor therefore may respond to both the tension increase and the transient increase in calcium. Current models require myosin to detach from the filament allowing the motor/ channel complex to slip down the stereocilia to reduce tension. Previous work has suggested that actin-Myo1c complexes that retain bound Pi could reverse the power stroke generating the weakly bound M-ADP-Pi or M-ATP states that will detach from actin, thereby allowing the motor complex to ''slip'' relative to the actin bundles in the stereocilia (14, 15) . In addition, the transient increase in calcium concentration would result in a calcium-induced change in the conformation of the calmodulin/lever arm and possible calmodulin dissociation (16, 17) . Either could reduce the stiffness of the lever arm, thereby lowering the strain in the motor, allowing ADP to escape and leading to detachment and hence slippage, as described above. Note, however, that a recent study indicates that the calcium-induced dissociation of calmodulin from an isolated pair of IQ domains is too slow to contribute to adaptation (17) .
We show here that the more extensive characterization of Myo1c 1IQ revealed additional calcium-sensitive properties of the motor that would enhance both of these mechanisms. The ADP affinity for acto-Myo1c is weakened Ͼ10-fold via a 10-fold acceleration of the rate constant of ADP release. Thus, calcium binding to Myo1c would accelerate the release of the trapped ADP and in addition lower the affinity of ADP for acto-Myo1c. The lower affinity for ADP both reduces the competition between ATP and ADP for binding to the empty nucleotide pocket (accelerating detachment) and increases the free energy associated with ADP release, which could enhance the ability of ADP to be released against a load (30) . The combination of the calcium/calmodulininduced reduction in cross-bridge stiffness and acceleration of ADP release would result in detachment of the cross-bridge being controlled by two sequential events, both with a rate constant of up to 20 s Ϫ1 (k ϩAD , k ϩ2 ). Detachment is then followed by the ATP hydrolysis/cross-bridge repriming event before the cross-bridge can rebind to actin. The 7-fold reduction in the rate constant for ATP hydrolysis would increase the lifetime of the detached state, allowing a longer time for slippage to occur (lifetime of the M-ATP state is 1/6.3 ϭ 160 ms) before the motor reattaches to actin.
Thus, the data presented here are consistent with Myo1c having a specially developed calcium response that allows it to define the adaptation response of the inner ear. This same property may be important in another calcium-dependent cellular function in which Myo1c is implicated, that of exocytosis in the amphibian oocyte (9). Moreover, it is possible that Ca 2ϩ plays a role in insulin-mediated glucose uptake (31) , which is also mediated by Myo1c (7, 8) .
Materials and Methods
Preparation of Myo1c 1IQ . Cloning of Myo1c 1IQ . cDNA encoding the entire ORF of Myo1c (myr 2), the kind gift of Martin Bä hler (Westfä lische-Wilhelms Universitä t, Mü nster, Germany), was used as a template for PCR with two mutagenic oligonucleotide primers. The forward primer flanked the start codon and incorporated KpnI and BamH1 restriction enzyme sites (5Ј-ACGGTACCGGATC-CGGCACCATGGAGAGCGCCTTGACTGCC-3Ј). The reverse primer (5Ј-GCTCT-AGATCATTACTTGTCATCGTCGTCCTTGTAGTCTGATCGCTTCACCCGGAGAAA-3Ј) was designed to incorporate a FLAG tag (amino acids DYKDDDDK) to aid in affinity purification, followed by a stop codon and an XbaI site. The resulting construct coded for a truncated Myo1c polypeptide chain terminating at serine-725 followed by a C-terminal FLAG tag. The purified PCR product was ligated into the pFastBacDUAL transfer vector (Gibco BRL) downstream of the polyhedrin promoter; the p10 promoter cloning site contained the gene coding for calmodulin (32) . The Myo1c insert was sequenced with internal and vector-specific oligonucleotides using automated sequencing. Recombinant baculovirus production and infection of Sf9 cells. The recombinant donor plasmid was transformed into DH10Bac Escherichia coli cells (Invitrogen) for transposition into the bacmid. Recombinant bacmid DNA was isolated as described in the instruction manual supplied by the manufacturer. Virus was produced by transfecting the recombinant bacmid DNA into Spondoptera frugiperda 9 (Sf9) insect cells with Cellfectin reagent (Invitrogen) followed by 3 days of growth. Subsequently, amplified virus was used to infect Sf9 cells in suspension. Infection was allowed to proceed for 4 days after which time cells were harvested by centrifugation. Cell pellets were either used immediately for protein isolation or frozen in liquid N 2 and stored at Ϫ80°C for future use. Purification of expressed Myo1c 1IQ . The insect cell pellets were homogenized in 10 mM Tris (pH 7.5), 0.2 M NaCl, 4 mM MgCl 2, and 2 mM ATP in the presence of protease inhibitors, then centrifuged at 100,000 ϫ g for 1 h. The supernatant was applied to an anti-FLAG column, and the expressed protein was eluted with a step gradient of FLAG peptide. Fractions containing protein were identified by SDS/ PAGE, pooled, and dialyzed against 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM EGTA, and 0.5 mM DTT. Proteins were either used immediately or stored at Ϫ80°C until needed.
Transient Kinetics Measurements. All rapid kinetic measurements were performed with a standard Hi-Tech Scientific SF-61 DX2 stopped-flow system (20) . Intrinsic tryptophan fluorescence was excited at 295 nm and monitored through a WG 320 filter. Pyrene fluorescence was excited at 365 nm and monitored through a KV 389 filter. The reactant concentrations stated in the text and figures are those after mixing in the stopped-flow, unless stated otherwise.
All experiments were carried out at 20°C in buffer containing 100 mM KCl, 20 mM Mops (pH 7.0), and 5 mM MgCl2. In addition, buffer contained either 1 mM EGTA (without Ca 2ϩ ) or 1.1 mM EGTA and 1.2 mM CaCl2 (with Ca 2ϩ ).
Steady-State ATPase Assays. The steady-state actin-activated Mg 2ϩ ATPase activity of Myo1c 1IQ was measured by using a colorimetric assay (33) in 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM MgCl2, and CaCl2 and EGTA to effect pCa values ranging from 4 to 8.9 at 37°C.
Data Analysis.
The results of the kinetic interaction of actin-Myo1c 1IQ with nucleotide were interpreted in terms of the model we described previously for Myo1b (26) (Scheme 1). The model assumes that acto-Myo1c exists in two conformations, A-M and A-MЈ in the absence of nucleotide, and the interconversion between them is defined by the equilibrium constant K ␣ (K␣ ϭ kϩ␣/kϪ␣). A-MЈ represents the complex with the nucleotide pocket in the ''closed'' conformation, which must isomerize into the ''open-pocket'' form, A-M, before nucleotide binding/release can occur. This isomerization is believed to be coupled to a swing of the converter/IQ regions of the myosin motor domain. Two similar complexes are also assumed to exist in the presence of ADP, but in the case of Myo1c the relative rate constants of the different steps allow only a single ADP binding/ release step to be characterized. Cryoelectron microscopy studies show that Myo1c exhibits an ADP-induced conformational change in which the light-chainbinding domain swings 33° (14) .
The data presented here allow assignment of the rate and equilibrium constants in Scheme 1 (see Table 1 
